Mono-crystalline Gold Platelets: A High Quality Platform for Surface
  Plasmon Polaritons by Kaltenecker, Korbinian J. et al.
MONO-CRYSTALLINE GOLD PLATELETS: A HIGH QUALITY
PLATFORM FOR SURFACE PLASMON POLARITONS
Korbinian J. Kaltenecker1,2,*, Enno Krauss3, Laura Casses1,2, Mathias Geisler1,2, Bert Hecht3, N.
Asger Mortensen2,4,5, Peter Uhd Jepsen1,2, and Nicolas Stenger1,2
1Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
2Center for Nanostructured Graphene, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark
3Nano-Optics and Biophotonics Group, Experimentelle Physik 5, Physikalisches Institut, Universität Würzburg,
D-97074 Würzburg, Germany
4Center for Nano Optics, University of Southern Denmark, DK-5230 Odense M, Denmark
5Danish Institute for Advanced Study, University of Southern Denmark, DK-5230 Odense M, Denmark
∗Corresponding Author: Korbinian J. Kaltenecker, DTU Fotonik, email: korkal@dtu.dk
Keywords: Plasmonics, near-field imaging, mono-crystalline gold
Thu 19th Sept, 2019
ABSTRACT
We use mono-crystalline gold platelets with ultra-smooth surfaces and superior plasmonic properties
to investigate the formation of interference patterns caused by surface plasmon polaritons (SPPs)
with scattering-type scanning near-field microscopy (s-SNOM) at 521 nm and 633 nm. By applying
a Fourier analysis approach, we can identify and separate several signal channels related to SPPs
launched and scattered by the AFM tip and the edges of the platelet. Especially at the excitation
wavelength of 633 nm, we can isolate a region in the center of the platelets where we find only
contributions of SPPs which are launched by the tip and reflected at the edges. These signatures
are used to determine the SPP wavelength and propagation length. Most importantly, we succeeded
in measuring SPP propagation lengths, in terms of power attenuation by 1/e, of 10 µm in excellent
agreement with theoretical predictions. Furthermore, we were still able to measure SPP signals
after 20 µm propagation, which demonstrates impressively the superior plasmonic quality of these
mono-crystalline gold platelets.
INTRODUCTION
In the last decade the plasmonic community has put tremendous efforts to find new plasmonic materials
[1] and to improve the quality of noble metallic films [2, 3, 4] to reduce Ohmic losses and surface
scattering in order to achieve longer surface plasmon polaritons (SPPs) propagation and stronger
plasmonic resonances for better enhanced field confinements. Improved deposition recipes and
template stripping were used to significantly improve the surface roughness of noble metallic films
such as gold, silver, copper and aluminum [2]. Alternatively, chemically grown colloidal gold platelets
[3, 5, 4, 6] with atomically smooth surfaces were synthesized and have proven their superiority in terms
of stronger plasmonic resonances [7, 8] and longer propagation in plasmonic circuits [8]. These gold
platelets have enabled fascinating new explorations of fundamental plasmonic properties revealed by
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photoemission electron microscopy [9, 10] and improved plasmonic device performances such as for
novel light generation applications [11] and quantum light guiding [12]. Other mono-crystalline gold
structures such as gold tappers demonstrated improved nanofocusing properties and second harmonic
generation under pulsed illumination [13].
In parallel to these developments in material synthesis and fabrications, scattering-type scanning
near-field optical microscopy (s-SNOM) [14] has proven to be an unique and versatile tool to explore
the propagation of polaritons [15, 16] from the terahertz [17, 18] to the visible [19, 20] region of
the electromagnetic spectrum with a few tens of nanometer resolution only. Recently, s-SNOM
has been instrumental in the excitation and mapping of plasmons in graphene [21, 22] and van der
Waals heterostructures [23], as well as surface phonon-polaritons in polar dielectric low-dimensional
materials [24, 25, 26] at MIR frequencies. In the near-infrared and visible range, s-SNOM has been
used to measure the amplitude and phase of gap plasmons [27] and to prove the existence of SPP
interference patterns with exotic properties [19].
In the visible, the observation of SPP at the surface of metallic films with s-SNOM is more
challenging. These challenges originate mainly from intrinsic material and propagation properties of
SPP on noble metals with, in addition, technical limitations inherent to s-SNOM. From the material
properties perspective, the optical properties of gold or silver suffer from intraband (Landau damping)
and interband losses [28], limiting the propagation length of SPP to a few micrometers only at visible
frequencies. Moreover, the confinement of SPP in noble metals is less pronounced than plasmons in
graphene in the MIR [21, 22, 23]. This difference can explain the excitation of SPPs at the edge of
a gold film [20, 29] (edge-launched SPPs) and so-called tip-reflected edge-launched SPPs, recently
identified at NIR frequencies on gold surfaces [29]. These channels of excitation are usually negligible
in graphene due to the large confinement of these excitations and the main excitation channel of
plasmons comes from plasmons launched at the apex of the metallic tip, also called tip-launched SPPs.
This excitation channel is of special interest because it acts as a SPP point source that can selectively
irradiate a structure of interest on a metal film such as inhomogeneities [30]. From a technical point of
view, focusing the diffraction-limited spot of the excitation laser onto the metallic tip is more difficult
at visible frequency than at MIR frequency due to a smaller size of the illumination spot. Moreover,
the signal on the detector S total strongly depends on the shape of the metallic tip and the direction
of the illumination [29]. All these contributions will interfere directly or indirectly in the far-field to
contribute to the final signal S total. This interference can lead to complex and intricate patterns making
the retrieval of the wavelength and propagation length of SPP in the visible challenging in reflection
mode.
In this work we use high quality mono-crystalline gold platelets with ultra-smooth surfaces [3]
with reduced losses to explore the launching mechanism of SPP by a metallic tip at two wavelengths
in the visible. We investigate the interference mechanism leading to complex interference patterns and
confirm the anisotropy of the launching process observed by Walla, et al. [29]. Furthermore, due to
the exceptional plasmonic properties of our mono-crystalline gold platelets, we demonstrate how to
retrieve the wavelength of the SPPs excited by 521 nm and 633 nm laser beam with high confidence.
We also measure long propagation lengths (1/e), of SPPs at 633 nm of 10 µm and still find clear
signals of SPPs after a propagation distance of at least 20 µm. For excitations at 521 nm, we observe
strong damping due to the onset of interband transitions in the gold platelets. This work demonstrates
that the combination of mono-crystalline platelets with s-SNOM can be applied to directly observe
and accurately characterize fundamental properties of SPPs in the visible with unparalleled accuracy.
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EXPERIMENTAL DETAILS
The setup is based on a commercially available s-SNOM system (Neaspec Company, Munich, Ger-
many). A sketch of the near-field setup is shown in Fig. 1. The pilot laser of the system is a HeNe
laser (Thorlabs) providing CW radiation at 633 nm. By using flip mirrors (curved arrows) we can
couple in CW radiation from a 521 nm diode laser (INTEGRATED OPTICS). The respective beam
is sent into a beam expander (4x) and can be coupled into the s-SNOM system via two beam paths.
One beam path is entering the s-SNOM from the right-hand side. After the beam splitter the incident
light is focused by a parabolic mirror (PM, NA=0.39) onto the tip with a polar angle of ϑ = 60◦ (see
Fig. 3). The back-scattered light is recollected by the PM and sent towards the Si photo receiver (New
Focus). A second beam path for the 521 nm light enters the s-SNOM from the left-hand side (Fig. 1A).
Also here, the back-scattered light is sent towards the detector. The AFM probe tips are metal-coated
commercial tips (Arrow NCPt, NanoWorld, Switzerland), made from single-crystalline Si and coated
with a platinum-iridium (PtIr5) layer on both sides of the cantilever.
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Figure 1: (A) Sketch of the near-field setup (PD=photo diode, PM=parabolic mirror, BS=beam
splitter, BB=beam blocker), (B) optical microscope picture of platelet.
Figure 1B shows an optical microscope picture of a platelet sample. The gold platelets have
been produced by a wet-chemical synthesis process and were deposited on a glass substrate. The
3
hexagonal structure features a high aspect-ratio with a lateral size of approximately 20 µm and a height
of 80-120 nm. The samples possess {111} top and bottom facets and a composition of alternating
{100} and {111}-planes on the side facets. The typical RMS surface roughness is on the order of 200
pm. Therefore, the surface quality is very high with almost no defects or other impurities and the
edges of the gold flakes are well defined, which, as we will show in the following, are essential for an
undisturbed propagation of SPPs. More details about the synthesis process and the properties of the
platelets can be found in a previous paper [4].
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Figure 2: (A) AFM topography of an mono-crystalline gold platelet and illustration of tip-launched
SPPs, (B) 3D-Plot of the intensity distribution of the s-SNOM signal, (C) illustration of edge-launched
SPPs, (D) illustration of tip-reflected edge-launched SPPs, (E&F) illustration of two signal channels
due to tip-launched edge-scattered SPPs. The respective positions of the view windows shown in C-F
are indicated by the red dashed boxes.
As briefly introduced above, it is well known that SPPs on conductive surfaces can be excited
by illumination of edges, (periodic) grooves, or other obstacles with light. Due to the strong field
confinement at the apex of a metal-coated tip, also the illuminated AFM tip itself can serve as a
source for the excitation of SPPs in s-SNOM. For metallic surfaces, this effect was first described by
Chang et al. [31], who studied SPPs generated by a single nanohole and nanohole arrays in silver. In
another study, Yan Li et al. investigated SPPs on a thin gold layer excited by visible light at a nanoslit
[20]. They showed that the obtained periodic field distribution can be explained by the coherent
interference of the SPPs excited at the nanoslit and the incident light at the tip. However, in this
study no contribution of tip-launched SPPs has been found. Recently, Walla et al. performed similar
experiments by studying SPPs on a thin gold layer in the vicinity of a 10 × 10 µm2 square hole. With
this sample geometry, they were able to observe SPP interference fringes in four different directions.
They revealed that the excitation of SPPs at the tip in the visible is anisotropic and not circularly
symmetric as it was considered in several studies before, and that this anisotropy is dependent on the
geometry of the tip. Furthermore, they found an additional tip-mediated excitation channel for SPPs,
4
where the incident light is first reflected at the tip before it hits an edge where SPPs are launched.
We investigate the interference pattern obtained by s-SNOM at the surface of high quality platelets.
Due to the hexagonal structure of the platelet it is possible to scrutinize the fringes from six different
directions.
In the following, we summarize the different signal channels contributing to the interference
patterns and connect them to models that have been used in the previous publications to estimate the
corresponding fringe spacing. Non-interferometric s-SNOM raster scans (here using the HeNe laser at
633 nm) yield simultaneously the topography (Fig 2A) and a map of the s-SNOM signal (Fig. 2B).
The intensity distribution of the scattered field shows that the signal is confined at the surface of the
platelet. The complex interference pattern is formed by lines of maxima and minima with different
spacings which are parallel to the edges.
The first signal channel contributing to the scattered radiation signal is due to the incident light
which scatters directly back from the tip and causes a rather flat background. This signal is, however,
contributing to several other SPP related signal channels due to interference with tip-scattered SPPs.
The second signal channel is given by tip-launched SPPs. As shown in Fig. 2A, the incident beam
(1) illuminates the tip, thereby launching SPPs under the tip apex. The SPPs propagate towards the
boundaries of the hexagonal sample (2) and are reflected at the edges. In case the propagation direction
is perpendicular to the respective edge, the reflected SPPs will propagate back towards the tip (3).
When they reach the tip the SPPs are interfering with the tip-launched SPPs and scatter into free space
(4), where the scattered radiation can be measured. We call SPPs contributing to this signal channel
tip-launched (tl) SPPs. The periodicity of the obtained fringes is given by
Λtl =
λS PP
2
, (1)
where λS PP is the wavelength of the SPP.
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Figure 3: (A) Schematic of wave vectors and angles for the derivation of the fringe spacings of
edge-launched SPPs, (B) schematics of beam path of incident light and edge-launched SPPs.
Further signal channels are connected to edge effects, as can be seen by the strong modulation of
the interference pattern close the edges in Fig. 1B. As soon as the outer part of the focused incident
beam hits one of the edges (Fig. 2C), edge-launched (el) SPPs can be excited (1a). Note that for the
following discussion we are assuming a plane wave illuminating the tip and sample, although the
maximal half-angle of the focused light cone is arcsin (NA)≈23◦, which is valid for the estimation of
an average value. Furthermore, the spot size of the illuminating focused beam is limited and due to
the shallow incident angle elongated along the incident axis. The propagation direction of the excited
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SPPs is depending on both the polar angle ϑ of the incident beam and the azimuth angle between the
incident beam and the respective edge ϕ as illustrated in Fig. 3. The propagation direction is thereby
determined by the phase matching condition at the edges, i.e. kx′ = kS PP,x′ , and the corresponding
azimuthal angle β of the SPP can be calculated from a generalized Snell’s law:
cos (ϕ) sin (ϑ) = Re {n} · cos (β) (2)
⇔ β(ϕ, ϑ) = arccos
(
cos (ϕ) sin (ϑ)
Re {n}
)
(3)
where n is the complex-valued effective refractive index of the SPPs. Parts of the edge-launched
SPPs will eventually hit the tip (2), interfere with the incident light (1b) and scatter into free space
(3). The spacing of the resulting interference fringes can be obtained by rigorously calculating the
acquired phase difference along the beam paths (BPs) of the incident light and the SPPs toward the
tip illustrated in Fig. 3B. As shown in this figure, one beam path points directly from the phase
front towards the tip (
−→
BPTip) and the acquired phase is given by φ1 = k0|−→BPTip|. The other beam
path is divided into two parts. First, a ray of the incident light is propagating from the phase front
towards the edge (
−→
BPEdge). When it hits the edge with the lateral angle ϕ, SPPs are launched in a
direction determined by β and propagate towards the tip (
−→
BPS PP). The acquired phase along this path
is φ2 = k0|−→BPEdge|+ kS PP|−→BPS PP|. If the distance d between the tip and the edge of the platelet changes
by a distance that equals to the fringe period (Λel), the phase difference ∆φ = φ2 − φ1 will change by
2pi. Thus, we obtain the following expression for the fringe spacing
Λel(ϑ, ϕ) =
2pid
∆φ
=
λ0
− sin (ϑ) sin (ϕ) +
√
sin2 (ϑ) sin2 (ϕ) − sin2 (ϑ) + n2
, (4)
which is in accordance with the equation reported in Ref. [29].
Another signal channel of SPPs is illustrated in Fig. 2D and was first described in Ref. [29]. It
only contributes at edges which are facing towards the incident light (here on the right-hand side).
The incident beam is thereby partly impinging on the upper part of the tip (1a) where the beam is
eventually reflected towards the edge (2). Due to the reflection the path length (sum of the length of the
blue arrows) is longer than in the case of edge-launched SPPs (green arrow in Fig. 2C), which gives
rise to an additional phase difference. Some part of the edge-launched SPPs will approach the tip (3),
interfere with the incident beam (1b) and scatter into free space (4). These SPPs are called tip-reflected
edge-launched (trel) SPPs. The periodicity of the observed fringes is in good approximation given by
Eq. 4, when the polar angle ϑ of the incident beam is exchanged by the polar angle of the reflected
beam ϑ′ which has to be estimated from the measurement and is strongly dependent on the geometry
of the tip used in the experiment:
Λtrel(ϑ′, ϕ) = Λel(ϑ′, ϕ). (5)
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Our measurements show that two additional edge-related effects which have yet not been addressed
in the recent publications about SPPs on metallic surfaces by s-SNOM contribute to the interference
pattern. Not only the tip, but also the edge can scatter SPPs to free space which have been observed,
for instance, in a STM study [32]. A similar effect was described by Hu et al. investigating exciton-
polariton transport in MoSe2 waveguides by s-SNOM [33]. In the first scenario, illustrated in Fig. 2E,
the incident beam (1a) launches SPPs at the tip apex which propagate towards the edge (2), interfere
with the part of the incident beam impinging on the same position at the edge (1b) and scatter from the
edge into free space (3), which we call tip-launched edge-scattered (tles) SPPs. This effect only occurs
when the edge is almost perpendicularly facing towards the incoming beam, because only then the
incident light hitting the edge will be partly scattered back within the collection angle of the PM and
can interfere with the edge-scattered SPPs. From Figure 3B one can see, that the acquired phase along−→
BPEdge is φ′1 = k0|
−→
BPEdge|. Along the beam path from the phase front to the tip and from the tip to the
edge the phase accumulates to φ′2 = k0|
−→
BPTip| + kS PP|−→BPS PP|. Thus, the periodicity of the interference
fringes can be calculated by:
Λtles(ϑ, ϕ) =
2pid
φ′2 − φ′1
=
λ0
+ sin (ϑ) sin (ϕ) +
√
sin2 (ϑ) sin2 (ϕ) − sin2 (ϑ) + n2
(6)
= Λel(ϑ,−ϕ),
In the second scenario, shown in Fig. 4F, the incident light (1) also launches SPPs at the tip (2)
which scatter into free space (3a) and interfere with the directly back-scattered light at the tip (3b).
This effect is described in Ref. [33], however, by comparing the corresponding beam paths in Fig. 3B
it is evident that the acquired phase difference is equivalent to the case of edge-launched SPPs. Thus,
it is not possible to distinguish them from the signatures of edge-launched SPPs. Again, this effect
contributes only at edges which are facing the incident beam, because only then the SPPs can scatter
in the direction of the PM.
EXPERIMENTAL RESULTS AND ANALYSIS
Identification of interference processes
In this s-SNOM study, we investigate the formation of the near-field intensity distribution of SPPs on
platelets at two wavelengths in the red (λ0,r = 633 nm) and green (λ0,g = 522 nm) part of the visible
spectrum. The respective wavelength of the SPPs is given by
λS PP = λ0/Re {n} , (7)
where λ0 is the free space wavelength of the incident light and n =
√
/(1 + ) is the complex-valued
effective refractive index of the SPPs. By using the data of Johnson and Christie [34], the complex-
valued dielectric function of gold () at the two wavelengths yields the values (λ0,r) = −11.74 + 1.26i
and (λ0,g) = −3.95 + 2.58i. The respective SPP wavelengths are thus λS PP,r = 606 nm and λS PP,g =
477 nm. The corresponding propagation lengths are given by L = 1/(2k′′x ), where k′′x = 2piIm {n} /λ0,
which yields Lr = 9.76 µm and Lg = 0.54 µm.
7
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Figure 4: (A) AFM and (B) s-SNOM image of a platelet at an illumination wavelength of 633 nm.
Figure 4 shows (A) the AFM topography of a platelet and (B) the associated non-interferometric
s-SNOM signal image taken at the 3rd overtone of the tapping frequency of the s-SNOM (≈ 285 kHz)
using the red HeNe laser at λ0,r. The topography shows that the height of the platelet is around 110 nm
and that the surface of the sample is very smooth (RMS surface roughness from AFM measurement
≈ 210 pm) with almost no impurities. The red arrow indicates the angle of incidence of the laser beam.
The sample has been oriented so that this angle is in the range of 75◦ (here ϕ = 74◦), where we got the
clearest signal of SPPs due to the anisotropic excitation of SPPs at the tip apex [29]. To minimize the
scan area, it has been aligned with this edge by rotating the scan area by 29◦ and the spatial resolution
has been set to 25 nm.
The image of the s-SNOM signal (Fig. 4B) shows a pattern that is confined on the sample which
proves that we are probing the near-field, also confirmed by the approach curves [35]. It consists of
lines of maxima and minima that are parallel to the edges, at which strong modulations are apparent.
To further investigate the periodicity of these modulations, we extracted line profiles binned over 128
pixels along the three arrows with Gwyddion [36]. Then, we performed a fast Fourier transform (FFT)
to obtain the spatial frequency components (K) of theses profiles. However, we plot the spectra as a
function of the fringe spacing Λ = 1/K, because this way the peaks for small fringe spacings become
much more apparent.
Figure 5(A) shows the intensity profile 1 illustrated in Fig. 4B. As defined in Fig. 3, the angle
subtended by the incident light and the corresponding edge ϕ is −74◦ and +74◦. The profile rises steeply
on the left-hand side where the platelet starts, then the signal oscillates and decays rather smoothly
until the center of the flake. After approximately 10 µm, a longer oscillation period appears which
changes into a complex pattern of short fringe distances overlapped with a strong signal modulation.
Finally, the signal decreases steeply at the other end of the sample. To analyze the spacing of the
fringes we chose a range of the profile (green curve) and spans over the three colored regions in
Fig. 5A and performed a FFT over the entire range. The resulting spectrum plotted over Λ = 1/K
is shown in Fig. 5B (green curve). The range has been set approximately 0.5-1 µm away from the
edges to avoid taking into account coupling effects between the tip and the edges [37]. We calculated
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Figure 5: Profiles and corresponding FFTs from the s-SNOM scan at 633 nm shown in Fig. 4B; (A)
Profile 1, (B) corresponding FFT, (C) Profile 2, (D) corresponding FFT, (E) Profile 3, (F) corresponding
FFT.
the expected values of the fringe spacings due to the effects described in the previous section and
obtained Λtl,r = 0.303 µm, Λel,r(60◦,−74◦) = 0.347 µm and Λtrel,r(30◦,+74◦) = 1.149 µm where
we found the best agreement when substituting ϑ = 60◦ with ϑ′ = 30◦. The corresponding values
are marked by the vertical lines in Fig. 5B and we find that the maxima of the three peaks (green
curve) overlap well with the calculated values. The predicted value for Λel,r(60◦,+74◦) = 3.423 µm
is masked by the DC-offset so we limit the plotting range to Λ = 2.0 µm. To identify which part of
the signal profile contributes to these peaks, we divided the profile in three parts marked by the light
blue region (blue curve), the light purple region (purple curve) and light red region (red curve) in
Fig. 5A and performed a FFT of the s-SNOM signal on each interval. The corresponding spectra are
also plotted in Fig. 5B. The spectrum of the first interval (blue curve) close to the edge, where ϕ is
−74◦, peaks around the expected value for Λel,r(60◦,−74◦). The broadness of the peak reflects the fact
that edge-launched SPPs can only be excited as long as the incident beam hits the edge, furthermore
tip-launched SPPs contribute to this signal. The spectrum of the second interval (purple curve) has
one sharp peak centered almost exactly at the predicted value for tip-launched SPPs. We therefore
conclude that this part of the profile is solely due to tip-launched SPPs. Impressively, this results
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show that we are able to measure a signal of the SPPs after they have propagated a distance of at least
2 × 9µm = 18µm because they are reflected at the edge, and we will use this signal, as we will show
below, to determine the propagation length, which is defined as the distance for the SPP intensity
to decay by a factor of 1/e. For the third subinterval we expected to obtain two peaks centered at
Λtl,r and Λtrel,r(30◦,+74◦). The broad peak at Λ ≈ 1.15 µm is in accordance with our estimation for
tip-reflected edge-launched SPPs. We assign it to this signal channel because the oscillation with this
period length is dominant between x = 10 µm and x = 15 µm. This range is far away from the edge
and it is unlikely that the incident beam is still illuminating the edge at these tip positions. Thus, other
edge-related signal channels cannot be considered. Furthermore, we find a dominant peak which has
its maximum close to the predicted value for edge-launched SPPs which cannot contribute to this
signal because they can only be excited on the other side of the sample (Λel,r(60◦,−74◦)). We therefore
believe that this signal is due to tip-launched edge-scattered SPPs interfering with the incident light
scattered at the same edge. The slightly longer fringe spacing can be explained because the edge is not
perpendicular with respect to the incident beam and the incident beam is not a plane wave but a light
cone with the maximal half-angle of 23◦. Therefore, it is likely that a part of the incident light will be
reflected/scattered by the edge within the collection angle of the PM and contribute to the interference
signal with a slightly different phase difference. Another feature of this peak is a shoulder on its left
side which is presumably due to tip-launched SPPs.
The second profile marked in Fig. 4B is shown in Fig. 5C. For this profile the incident angle
with respect to the two edges is ϕ = ±14◦. We applied the same procedure and use the same color
coding for the curves and backgrounds as before. The predicted values for the angle-dependent fringe
spacings are Λel,r(60◦,−46◦) = 0.428 µm and Λtrel,r(30◦,+46◦) = 1.018 µm for which we again
substituted ϑ = 60◦ with ϑ′ = 30◦. Also here the period for edge-launched SPPs from the right
hand side λel,r(60◦,+46◦) = 2.735 µm cannot be resolved by the FFT and thus is not shown. The
spectrum of the entire range (green curve) consists of two broad peaks (Fig. 5D). One peak is centred
around the predicted value for edge-launched SPPs and shows indications for some contribution due
to tip-launched SPPs on its left-hand side. The second peak is almost centred at the predicted value
for tip-reflected edge-launched SPPs. The analysis of the subintervals reveals that the fringes close to
the left edge, where ϕ = −46◦, can be attributed to edge-launched SPPs. The second subinterval has
one clear peak centred at Λtl,r. Thus, also in this direction tip-launched SPPs can propagate over the
entire platelet. The third subinterval can be related to tip-reflected edge-launched SPPs. In contrast to
the third subinterval of profile 1, we do not obtain a strong peak close to Λel,r(60◦,−46◦), which is
reasonable because it is unlikely that the incident light is reflected by the edge in the direction of the
PM.
The results for the third profile in Fig. 4B are presented in Fig. 5E and F. The incident angle ϕ
is with ±14◦ almost parallel to the respective edges. For this situation, the estimated values of the
fringe spacings are Λel,r(60◦,−14◦) = 0.736 µm, Λel,r(60◦,+14◦) = 1.592 µm and Λtrel,r(30◦,+14◦) =
0.797 µm. The spectrum of the entire range marked by the green curve (Fig. 5F), peaks sharply at
Λtl,r and has a dominant and broad maximum at approximately 0.95 µm, which is larger than the
predicted values for both edge-launched SPPs from the left hand side and tip-reflected edge-launched
SPPs from the right hand side. The amplitude rises again close to Λel(60◦,+14◦), but stays up because
of the DC offset. The profile in the first selected subinterval (blue curve) shows a highly complex
oscillation which quickly drops. The spectrum of this region starts to rise around the predicted value
of tip-launched SPPs but does not show further features. The profile in the light purple window
(purple curve) features a small but clear oscillation. Accordingly, the spectrum features a single peak
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at the estimated value for Λtl,r. Thus, also for this orientation we can clearly identify tip-launched
SPPs which must have propagated for approximately 20 µm. The oscillation in the third region (red
curve) corresponds mainly to the peak around 0.95 µm. It is actually surprising that also at this angle
tip-reflected SPPs contribute to the signal because of the momentum conservation of the parallel
component of the SPP wave vector, which means that the SPP should propagate away from the tip.
However, it is likely that the incident beam will be scattered at the edge of the tip in a variety of
directions, thus causing SPPs to be excited at the edges of the sample, that eventually propagate
towards the tip and contribute to the signal. The width of the peak, as well as its dislocation are an
indication that the process is not well-defined because of the steep angle of incident. The increase of
the amplitude close to Λel(60◦,+14◦) is an indication for the contribution of edge-launched SPPs, but
the resolution is too coarse for an exact assignment. Furthermore, we can see that in this region no
signs for tip-launched SPPs can be identified. This is probably due to an inefficient generation of SPPs
propagating in this direction.
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Figure 6: (A) AFM and (B) s-SNOM image of a platelet at an illumination wavelength of 521 nm.
We performed the same experiment with a different gold platelet with slightly smaller dimensions,
using 521 nm excitation wavelength. The spacial resolution of this scan was set to 20 nm. The laser
beam was coupled into the near-field setup from the left hand side, as indicated by the green arrow in
Fig. 6A. The surface of this sample is also of high quality and the height is constant at about 100 nm
(RMS surface roughness ≈ 230 pm). The s-SNOM signal shown in Fig. 6B is taken at the 4th harmonic
of the tapping frequency. Also here, the signal is confined on the sample and features interference
fringes parallel to the edges whose spacing varies from edge to edge. In contrast to the result obtained
at 633 nm, no interference fringes can be seen in the center of the sample which is due to the much
shorter propagation length of SPPs excited by light at 521 nm (Lg = 540 nm). We extracted three
profiles along the arrows indicated in Fig. 6B to analyze the contributions of the different SPP signal
channels.
The first profile is presented in Fig. 7A. The incident angle at the right- and left-hand side are
ϕ = ±78◦. We obtain the following predicted values for the fringe spacings: Λtl,g = 0.238 µm,
Λel,g(60◦,−78◦) = 0.270 µm, Λtrel,g(30◦, 78◦) = 0.869 µm for which we have also exchanged ϑ = 60◦
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Figure 7: Profiles and corresponding FFTs from the s-SNOM scan at 521 nm shown in Fig. 6B; (A)
Profile 1, (B) corresponding FFT, (C) Profile 2, (D) corresponding FFT, (E) Profile 3, (F) corresponding
FFT.
with ϑ′ = 30◦ nm and Λel,g(60◦,+78◦) = 2.243 µm which could not be resolved by the FFT and
therefore is outside the plotted range. The most left and right vertical lines in Fig. 7A mark the entire
range we analyzed (green curve). The resulting FFT (Fig. 7B, green curve) shows a small peak at
ΛS PP,g, then it also peaks at a slightly larger fringe spacing than the predicted value for edge-launched
SPPs at ϕ = −78◦ and features a broad peak at the estimated value for tip-reflected SPPs. Similar to
profile 1 at 633 nm, the light blue subinterval which is at the edge facing the incident beam (blue curve,
ϕ = +78◦) yields two peaks; one as expected for tip-reflected edge-launched SPPs Λtrel,g(30◦,+74◦)
and a strong and narrower peak which is centered at a slightly larger fringe spacing than the predicted
value for edge-launched SPPs excited at the opposite side of the sample where ϕ = −78◦. Therefore,
we assign the latter peak to SPPs which are launched by the tip and propagate towards the edge, where
they are scattered and interfere with the back-scattered incident light hitting the edge (see Fig. 3E).
In addition, this peak has a small plateau on the left-hand side which fits to tip-launched SPPs that
are reflected at the edge. In the center of profile 1 we cannot find any signature of SPPs which is in
accordance with the short propagation length. The FFT of the light red subinterval close to the edge
12
where ϕ = −78◦ (red curve) has the expected peak centered at Λel,g(60◦,−78◦).
For the second profile shown in Fig. 7C the incident angle at the two edges is ϕ = ±42◦. The FFT of
the entire range (green curve) has maxima at Λtl,g, Λel,g(60◦,−42◦) = 256 nm and Λtrel,g(30◦,+42◦) =
0.750 µm, and the amplitude rises towards Λel(60◦,+42◦) = 1.706 µm. The analysis of the signal at
the left-hand side of the profile (light blue region) shows, however, no clear features that could be
assigned to the expected fringe spacings. In contrast, the signal on the other side of the profile (light
red region) can clearly be appointed to edge-launched SPPs where ϕ = −42◦ (Fig. 7D).
The results for the third profile, where ϕ = ±18◦, are shown in Fig. 7E and F. For these in-
cident azimuth angles we estimate the following fringe spacings: Λel,g(60◦,−18◦) = 0.528 µm,
Λtrel,g(30◦,+18◦) = 0.627 µm and Λel,g(60◦,+18◦) = 1.151 µm. Also here, the FFT of the entire range
(green curve) and the two subintervals at the respective edges yield peaks which can be assigned to the
calculated fringe spacings of the respective signal channels. As for the illumination at 633 nm, we find
no clear contribution of tip-launched SPPs at the edge where ϕ = +18◦ (blue curve), however, the FFT
yields a peak which can be assigned to tip-reflected SPPs, while the result for the other side of the
profile (ϕ = −18◦) yields two peaks which fit to both tip-launched and edge-launched SPPs.
Determination of the SPP wavelength and propagation length
The results presented so far demonstrate that the Fourier analysis of the profiles allows to distinguish
the contributing signal channels on a qualitative level. However, all effects which are related to the
launching or scattering at the edges only contribute as long as the incident beam is also illuminating
the edges. We believe that the finite beam spot size and the rather large half-cone angle of the focused
beam are the reasons for the broadness of the edge-related peaks; the SPPs are excited at a range of
positions, propagating in different directions than assumed in the case of an incident plane wave and
still can contribute to the measured signal. This makes it difficult to retrieve further information about
the propagation length and the actual wavelength of the SPPs.
FFT	of	center	of	Pro�ile	1	and	Lorentzian	Fit	FFT	of	center	of	Pro�ile	2	and	Lorentzian	Fit	FFT	of	center	of	Pro�ile	3	and	Lorentzian	Fit	
KSPP
Figure 8: FFT and corresponding Lorentzian fit of the 2nd subinterval of the three profiles shown in
Fig. 4 containing only the contribution of tip-launched SPPs (illumination wavelength at 633 nm).
For the illumination at 633 nm, however, we can identify a range in the center of the platelets where
the measured oscillations can unambiguously be related to tip-launched SPPs without any interfering
contributions of other signal channels. These signatures can be used to extract both the propagation
length of the SPPs and the actual SPP wavelength λS PP. In order to do so, we take a closer look at the
spectra of the second subintervals of the three profiles in Fig. 5. As shown in Fig. 8, where we plot the
FFT amplitudes versus the wavenumber, all three profiles yield a clear rise of the signal amplitude
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close the estimated K-value of tip-launched SPPs. By applying a Lorentzian fit of the form
L(K) = A + B · 1
pi
Γ/2
(K − K0)2 + (Γ/2)2 , (8)
we obtain the peak position K0 and the full width at half maximum Γ (also shown in Fig. 8). From
that we can calculate the SPP wavelength λS PP = 2/K0 and the propagation length L = 2/Γ. The
factor of 2 in each relation is introduced because of the reflection of the SPP at the edge. Note
that we subtracted the baseline of the spectra to facilitate the fitting. We obtain the mean value of
λS PP,exp = 603 ± 4 nm for the SPP wavelength and a propagation length of Lexp = 10.1 ± 1.6 µm,
which are both in good agreement with the theoretical predictions. Unfortunately, this analysis is not
possible for the measurement taken with the green laser at 521 nm, because we cannot identify a range
where tip-launched SPPs are isolated from edge-related effects. This emphasizes that it is important to
consider edge-effects and other unintended excitations of SPPs when investigating plasmonic systems
with s-SNOM.
CONCLUSION
We have shown that the excellent surface quality of mono-crystalline gold platelets features superior
plasmonic properties which allow accurate investigation of surface plasmons in the visible spectrum
with s-SNOM in reflection mode. The fact that the plasmons are confined to the gold platelets, however,
leads to the formation of complex s-SNOM images, which are particularly caused by edge effects.
We have demonstrated a Fourier analysis approach to identify and separate the signatures of SPPs
excited or scattered at the tip and edges. We have completed the set of possible signal channels by
identifying SPPs which are scattered at the edges. Most importantly, we have been able to show
that the properties of the SPPs can be determined with great accuracy if it is possible to isolate
tip-launched SPPs. This was indeed possible at the illumination wavelength of 633 nm, where we
have succeeded in determining the propagation length, in terms of power attenuation by 1/e, of 10 µm
and the SPP wavelength of 603 nm in excellent agreement with the theoretical predictions. On the
other hand, our study also shows that edge effects can be so dominant that it is difficult to study SPPs
with a short propagation length such as at the excitation wavelength of 521 nm. Thus, it must be
emphasized that the unintentional excitation of surface waves in s-SNOM measurements must always
be considered in order to correctly interpret the results. Our reported methods and results will allow
accurate investigations of high-quality plasmonic devices, paving the way towards future sensing,
waveguiding and even quantum information processing applications in the visible range.
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